We report measurements of the fusion reaction rate in the Tokamak Fusion Test Reactor (TFTR) covering a wide range of plasma conditions and injected neutral-beam powers up to 6.3 MW. The fusion neutron production rate in beam-injected plasmas decreases slightly with increasing plasma density r/e, even though the energy confinement parameter ne~" E generally increases with density. The measurements indicate and Fokker-Planck simulations show that with increasing density the source of fusion neutrons evolves from mainly beam-beam and beam-target reactions at very low n e to a combination of beam-target and thermonuclear reactions at high n e. At a given plasma current, the reduction in neutron source strength at higher n e is due to both a decrease in electron temperature and in beam-beam reaction rate. The Fokker-Planck simulations also show that at low he, plasma rotation can appreciably reduce the beam-target reaction rate for experiments with coinjection only. The variation of neutron source strength with plasma and beam parameters is as expected for beam-dominated regimes. However, the Fokker-Planck simulations systematically overestimate the measured source strength by a factor of 2-3; the source of this discrepancy has not yet been identified.
INTRODUCTION
The Tokamak Fusion Test Reactor (TFTR) at Princeton University Plasma Physics Laboratory has been designed to study reactor-like plasmas near Q-1 (Q = fusion power/heating power), in neutral-beam-injected, two-energy component D-T plasmas, where the n~-z (density• time) requirement is less stringent than that for Maxwellian 231 plasmas, o) In this paper, the results of the initial fusion neutron source strength and Q measurements for deuterium beams injected into deuterium plasmas are reported. In 1985 the TFTR (2) operated with neutral beam injection (NBI) power up to 6.3 MW in conjunction with Ohmic heating, typically 0.5-2 MW, to obtain high plasma temperatures and neutron source strengths. The neutral beams were injected codirectional with the plasma current. The neutral beam particle energy E b (nominally 80 keV) was about ~ of the eventual level (120 keV), and the beam power Pb about ~ of that expected to be available in 1987. Nevertheless, these initial low power experiments permit exploration of plasma regimes ~ely to be conducive to achieving power "breakeven" (Q -1). For a given capability of a tokamak and its neutral beams, there are basically three different approaches to generating high neutron source strength. (3) 1. High electron density n e and high n e%. Here thermonuclear reactions (rate= Sit ) among the Maxwellian target ions dominate, with beam-target fusion reactions playing a secondary role. This regime is potentially capable of Q >> 1. 2. Moderately high electron density n e and moderately high n e~'Z. Here the classical (i.e., Spitzer (4)) beam ion slowing-down time ~s is relatively short, so that the energetic-ion density n h is relatively small, and most of the fusion neutron production is due to beam-target reactions (rate = Sbt) and thermonuclear reactions. When Sbt is dominant, this regime is often called the TCT (twocomponent torus).
(1) 3. Low density and low n e'r E. Here % is large and nh/n e can exceed 0.2, so that a majority of the fusion reactions are due to reactions between energetic ions (rate = Sbb); these reactions are called beam-beam self-reactions. The classical % is several times longer than the electron energy confinement time, ~E~. Although the fusion reactivity drops rapidly with decreasing fast-ion energy, the fast ions must remain confined for several times ~z~ to realize fully the potential neutron yield. When the neutral beams are both co-and counterinjected with roughly equal magnitude, this regime is often referred to as the CBT (colliding beam torus). (3) The transition between the latter two regimes, as n e is increased, is relatively abrupt, because Sbb CC n h 9 n h. (OU)bb Of. q'2(OU)b b O: (Te2P//n2)(ol))bb, where the electron temperature T~ also tends to decrease with increasing n~ (see below). The parameter p = when the energetic ions slow down mainly on electrons, viz. at low T~, or at high beam energy, or even at lower E b when n h exceeds the target-ion density. The parameter p becomes smaller as TiE b increases. In the present range of beam energies, the initial beam ion slowing down is slightly dominated by electron drag, considering that the bulk-ion density is significantly depleted by the energetic ions at lower n e, where T~ is larger (because the total density is feedback-controlled). Since most of the fusion reactions are produced by fast ions with energies not too far below the injection energy, p = ~ tends to be a reasonable value to use in understanding the variation of S with plasma parameters, for both beamtarget and beam-beam reactions. This remark applies to the full-energy component of a multispecies beam, which largely determines neutron source strength. Previous experiments on other tokamaks, notably PLT, (5) have provided indications of the existence of these different regimes of fusion-neutron production.
This paper describes experimental results from TFTR where the plasma and beam parameters span the latter two regimes defined above. Section 2 describes the experimental setup, Section 3 presents the measurements and their interpretation, and Section 4 discusses Fokker-Planck simulation of the beaminjected plasma. Extrapolation to higher beam power is discussed briefly in Section 5, and the conclusions are given in Section 6.
TOKAMAK PARAMETERS AND NEUTRON DETECTORS

Plasma and Beam Parameters
Operation of the TFTR device and its plasma properties in the Ohmic-heated regime as well as with neutral-beam injection are described in Ref. 2. During the experiments discussed here, the plasma major and minor radii were approximately 2.55 and 0.82 m, respectively, the plasma current Ip ranged from 0.5 to 2.5 MA, and the toroidal magnetic field from 2.8 to 4.8 T. The Ohmic heating power was usually 0.5-2 MW before injection.
The results described below were obtained with deuterium beam injection into both D and H plasmas. The NBI was codirectional with Ip for a pulse duration of 0.5 s, while the total plasma current duration was 3 to 3.5 s. Injection took place after the plasma had reached equilibrium. The nominal beam voltage of the six ion sources in the two injectors was 70-80 kV, but only about 50% of the power was at full energy while 30% of the beam power was actually in half-energy and 20% in one-third energy particles. At low density, the co-directional NBI produced substantial plasma rotation (see below).
Neutron Detectors and Calibration
The neutron source strength was measured with a set of six fission detectors: two 1.3 g 235U, two 1.3 g 238U, one 18 g 23sU, and one 100 g z38U chain-
